An extension demonstration of a space inflatable mast and subsequent long-term operation for 845 days on orbit were performed to show the advanced design technology and practical utility of space inflatable structures. The experiment verified the long-term availability of the inflatable extension mast and good establishment of the design technology, including development testing know-how for space-borne inflatable structures, by considering possible degradation effects simulated using a finite-element method analysis tool developed in parallel with the mission. The space inflatable extension mast achieved the extra success level set out in the mission plan.
Introduction
The technical merits and prospective potential of space inflatable structures are well recognized. [1] [2] [3] [4] However, they have not yet been widely used in space applications because no track record of space inflatable structures has been accumulated. The research and development team of the authors, the Space Inflatable Membrane structures Pioneering Long-term Experiments (SIMPLE) team, proposed a demonstration experiment to verify this advanced technology on the assumption that space inflatable structures can be practically operated.
The proposed SIMPLE mission instrument was mounted in the Multi-mission Consolidated Equipment (MCE) investigation as part of the second-term utilization plan for exposed facility of the Japanese Experimental Module (JEM) Kibo exposed facility on the International Space Station (ISS). The instrument has been operated for over 2 years. The objectives of the SIMPLE mission were (1) to verify the concept of space inflatable structures by demonstrating their key technologies, (2) to present and demonstrate the applicability of space-borne inflatable structures, and (3) to acquire technological design skills and operational know-how for inflatable systems on orbit. With the SIMPLE mission instrument mounted, the MCE was loaded onto the H-2 Transfer Vehicle (HTV) and launched by H-2B rocket on July 21, 2012, JST. The designed orbital lifetime of the SIMPLE mission was 2 years. Operation of the SIMPLE instrument was shut down by command from the ground on December 11, 2014, JST.
The Inflatable Extension Mast (IEM), which is one of three SIMPLE sub-missions, 5, 6) was designed to verify its engineering technology for long-term operation in a space environment. The IEM is a one-dimensional, extendible mast deployed by inflation. The structure and mechanism are based on the concept of "structural rigidization simulation." [7] [8] [9] The IEM was successfully extended on August 17, 2012, JST (Fig.  1) , and the IEM was subsequently operated in space for a remarkably long term of 845 days. The extended mast length was 1,233 mm, which was limited by its size at withdrawal from the JEM exposed facility for a planned re-entry by HTV.
©JAXA/The University of Tokyo/SIMPLE Experiment Team The minimum success criterion for the IEM was verification of fundamental technologies for inflatable extension on orbit. The assessment criteria were that (1) operation data should be obtained during extension and that (2) an extension length of 900 mm or more should be confirmed. These criteria were accomplished upon initial operation in August 2012. The full success criterion was to validate fundamental technologies for retaining the shape of the IEM for a long term on orbit. Namely, (1) the extended shape should be preserved for 6 months and (2) any change in rigidity over this period should be within 20% of predicted values. Full success was accomplished at the end of operation in March 2013. 7) An extra success criterion was to obtain data from IEM on-orbit monitoring over the 2-year mission term. SIMPLE steadily sent telemetry data for monitoring IEM structural soundness over this term.
This paper describes the overall operation results and technical merits of the IEM. The mission objectives for the IEM were not only demonstration of extending an inflatable mast on orbit, but also verification of long on-orbit lifetime for use as a practical structural element applicable to large space structures in the near future.
Concept and Design of the IEM
The IEM is extended by the driving force of an inflatable actuated extendible thin tube. A principal structure element of the IEM is a cylindrical shell composed of three barrel-vaulted long strips made of thin tri-axially woven fabric (TWF) carbon fiber-reinforced plastic (CFRP). Each strip, innately formed as one-third of a long cylinder and reeled up on each spool, is attached to the others using flat hook-and-loop (HL) fasteners to form a closed-section cylindrical thin shell when extended ( Fig. 2(a) ). This type of structure is called a "Tri-STEM," and does not need rigidifying of materials to obtain the designed strength, rigidity, and most importantly straight extension in space. The rigidization process is generally a critical problem for realizing practical space inflatable structures. This concept is called structural rigidization. The structure and mechanism of the IEM consist of four components ( Fig. 2(b) ): (1) the Tri-STEM as the main structure, (2) a protective cover for long-term protection of the CFRP, HL fasteners, and other parts in a space environment, (3) a hub unit at the Tri-STEM tip, equipped with measurement instruments such as accelerometers and a camera, and (4) a mast constraint mechanism to hold the Tri-STEM as a cantilever beam.
Acceleration during on-orbit operation is measured by four accelerometers, two installed in the bus unit on the SIMPLE base plate and two in the hub unit at the tip of the mast. Figure  2 (b) shows the IEM coordinate system. The X-axis is in the longitudinal direction of the IEM. The directions of accelerometer sensitivity are along the Y-and Z-axes. The power spectral density (PSD) in the frequency domain of measured acceleration can produce the transmissibility from the clamped end to the free end of the IEM, for each of the Yand Z-axes. The frequency showing the peak value for transmissibility is identified as the natural frequency of the extended IEM. 7, 10) A finite-element method (FEM) simulation model was created based on the actual geometry and material properties of the flight model in parallel with the ground test phase of the IEM, and the simulation model was analyzed using ANSYS 14.0. The fundamental frequency prospectively calculated by the model showed a good agreement with the measured natural frequency in the initial operation on orbit.
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Structural Characteristics of IEM on Orbit
Measured natural frequency
Figures 3 and 4 show measured natural frequencies of the IEM Y-and Z-axes over 845 days on orbit, respectively. Most of the data show a natural frequency of 4.2 Hz, and no increasing or decreasing tendency appears during long-term operation after the initial extension. There seems to be no change in structural behavior such as marked degradation of Tri-STEM materials caused by, for example, space environment exposure, breakdown of the mast constraint mechanism, or significant damage by debris or micrometeoroid impacts. Steady operation can thus be presumed.
The frequency resolution ∆f originating from the onboard instruments is ∆f = 1/(N × ∆T) = 1/(256 × 0.04) = 0.098 [Hz] , where the sampling period ∆T is 0.04 s and sample data length N for digital Fourier transformation is 256. Therefore, discretized 4.2 Hz ranges are from about 4.15 Hz to 4.25 Hz. The natural frequency calculated by the FEM simulation model mentioned in the preceding section was 4.23 Hz, 7) and this value is within the error range. An error of 0.1 Hz is about 2.4% of the natural frequency. A 2.4% variation of the natural frequency is equivalent to a 1.2% mast length variation and 4.8% variation of material rigidity, if the IEM is assumed to be a simple cantilever beam. No remarkable damage or deterioration was observed over this range during long-term operation. However, in Figs. 3 and 4 there are some scattered points removed from 4.2 Hz, and the dispersion does not look like a normal distribution. The cause is not continuous movement of the structure itself around the natural frequency. The cause is presumed to be metrological and is attributed to the division process of the transmissibility calculation. PSD is calculated from minute pieces (relative the accelerometer measurement range) of the acceleration signal. Because of the division process, using the PSD to obtain the transmissibility may produce a peak transmissibility value at a frequency diverging sharply from its actual property. As a practical matter, the measured natural frequency shows no tendency for gradual or stepped changes with the passage of time. Even if there were structural property changes during long-term operation, they were within the measurement error range.
Sensitivity to deterioration
The above-described FEM analysis tool was employed again to provide investigation methods for notable behaviors of the IEM on orbit from the viewpoint of natural frequency. The validity of the FEM model is discussed in 7). Examples of the sensitivity analysis of changes in structural parameters were prepared to consider the possible influence of deterioration on the natural frequency. Other than mast rigidity variation, assumed causes of structural and mechanical deterioration with major effects on the natural frequency are deterioration of mast constraint mechanisms at the clamped end of the Tri-STEM assembly and separation of the HL fasteners used to construct the closed-section Tri-STEM cylindrical shell as the principal structure of the IEM.
First, regarding deterioration of mast constraint mechanisms, the three kinds of failures listed in Table 1 were assumed, namely, failures of the redundant mast constraint fixtures 'FIX 1' and 'FIX 2,' and the mast support cylinder between the fixtures and spools. There are thus eight possible normal/malfunction combinations. The simulation results in Table 1 show that a single failure of FIX 1, FIX 2, or the mast support cylinder produces little effect on the natural frequency. In other words, the redundant design used here was sufficient to avoid mechanical problems at the clamped end of Tri-STEM. A double failure can reduce the natural frequency, as Table 1 shows.
The influence of possible deterioration of the IEM mode shape was quite small, because the three barrel-vaulted curved plates of Tri-STEM bear the bending rigidity. Table 2 shows the simulation results for separation of the HL fasteners shown in Fig. 2(a) due to long-term exposure to a space environment, as shown in Table 2 . There are six normal/malfunction combinations for three fastener rows, considering symmetry of the model. The simulation results show that the natural frequency is remarkably affected even if only a single row of HL fasteners is separated, and that the magnitude of the effect can certainly be detected by the SIMPLE measurement system. Therefore, it can be assumed that the Tri-STEM had no substantial HL fastener separation on orbit. This also verifies good functioning of the protective cover, because both the polymer material of the flat HL fastener and the thin TWF CFRP seemed to remain in a good condition over the long term. Due to a structural rigidization concept at the IEM design, each CFRP strip reeled up on a spool is innately formed as a part of a long cylinder, like a convex carpenter tape. The three barrel-vaulted curved plates of Tri-STEM bear bending rigidity. The shell design seems to be insensitive to partial variations of boundary conditions rather than a flat thin plate. The influence of possible deterioration on the IEM mode shape was quite small.
IEM On-orbit Images and SIMPLE Bus System
Two cameras are installed on the IEM, one in the bus unit for imaging the IEM from the clamped end, and another in the hub unit to image the IEM base from the tip. The photo in Fig. 6(a) was taken by the bus unit camera just after full extension, and that in Fig. 6(b) was taken after the designed IEM lifetime. There appears to be no difference between the two photos. The photo in Fig. 7(a) was taken by the hub unit camera just after full extension, and that in Fig. 7(b) was taken after the designed IEM lifetime. Again, there appears to be no difference between the two photos. These photos provide evidence that IEM suffered no visible damage in the space environment over its designed lifetime. IEM telemetry data for acceleration, housekeeping, and camera images were acquired and processed by the SIMPLE bus system, and were sent to Earth via the ISS. The SIMPLE bus system was also verified to have maintained functionality over its designed lifetime.
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The IEM maintained its structural characteristics for over 2 years, and the SIMPLE bus system steadily supported data acquisition for monitoring the space inflatable structure on orbit over the mission term. In other words, the extra success level for the IEM was accomplished.
Applications
A major advantage of inflatable structures is their packaging efficiency in a rocket payload fairing. IEM is an actual system developed to operate on orbit, and we accumulated engineering knowledge about inflatable extension structures by the development and the operation. We found that the guide length of the reeled CFRP strip to become a part of cylindrical shell and the length necessary for the mast constraint mechanisms occupied the major length of the stowed IEM package. However, the length does not depend on the full length of extendable mast. We assume a stowed IEM package to be a triangular prism of length 200 mm × 200 mm × 300 mm (H) based on the flight model, and that the triangular prisms are contained in a ø5000 mm × H4800 mm cylinder as an example, as shown in Fig. 8 . In that figure, 13,824 triangular prisms are geometrically compacted into the cylinder. Such a large number of prisms are not loaded in actual applications, due to the need for many prism joint parts to construct a deployable structure and mounting structures in the rocket payload fairing to create a mechanical environment that can endure launch. The design of the nodal parts depends on the overall shape, the required load, and the required accuracy of the space structure to be constructed. The design of the firm support structures depends on the employed nodal mechanism, and the volume of the nodal parts and supporting structures in the rocket payload fairing usually varies drastically according to the mission. However, an IEM has still potential to be an effective structural component of large space structures. For the next step, we can focus on the design of nodal parts and supporting structures for various mission candidates, on the premise of existence of the practicable IEM. 
Conclusion
(1) An extension demonstration of a space-borne inflatable one-dimensional extension mast and its successful long-term operation over a remarkable 845 days in an actual space environment were achieved, demonstrating the mature design technology and practical usefulness of space inflatable structures.
(2) The natural frequencies of the IEM as measured on orbit showed no tendencies for increasing, decreasing, or frequency stepping during long-term operation after extension. No significant aging degradation of structural characteristics was detected. No visible damage appeared. (3) A method for creating an FEM analysis tool for a flexible structure with reticular thin-woven fabric CFRP and soft flat-fastening tape was established in the mission development phase. By considering possible degradation effects using the analysis tool, on-orbit data verified the long-term availability of the space inflatable extension mast. Both the mechanically redundant design at the clamped end of the mast and the protection cover design of the main polymer structure, where structural or material deterioration could cause large effects, were verified. The above findings demonstrate a high degree of completion in redundant design and development testing of this sort of space inflatable extendible structure. (4) The IEM achieved the extra success level established in the mission plan. The SIMPLE bus system design was also verified for long-term operation. (5) The performance heritage (the track record of performance) accumulated by utilizing the unique opportunity for long-term operation in the exposed facility of the JEM Kibo on the ISS will provide practical and academic benefits. The results above show that the experimental achievements and know-how obtained in this verification mission can be directly applied to utilizing space inflatable structures as a promising technology for constructing space structures.
